Abstract-This paper proposes an adaptive DC-bus stabilizer for single-phase grid-connected voltage source converter (VSC) with small-scale renewable energy integration. To enhance converter's power density, the conventional active power decoupling (APD) techniques were adopted to reduce the DC capacitance by compensating the inherent second-order harmonic power ripples in the single-phase VSC. However, it would potentially make the DC voltage vulnerable to transient power ripples, which is a critical issue for the grid-connected renewable energy source (RES) system during grid faults. The proposed DC-bus stabilizer can not only compensate the second-order harmonic power ripples at normal operation, but also enhance the fault ride-through capability of the converter. The circuit topology and its corresponding control strategy are presented, and then simulation results are provided to demonstrate the feasibility and validity of the proposed DC-bus stabilizer under normal operation and grid fault condition.
INTRODUCTION
Buildings have a significant impact on energy usage and the environment. Commercial and residential buildings use almost 40% of the primary energy and approximately 70% of the electricity in the United States, and electricity consumption in the commercial building sector doubled between 1980 and 2000, and is expected to increase another 50% by 2025 [1] , [2] . To reduce the consumption of nonrenewable energy in the building sector, the concept of zero energy building (ZEB) was defined in which the actual annual delivered energy is less than or equal to the on-site renewable exported energy in an energy-efficient building [3] , [4] . To achieve this goal, various renewable energy sources (RESs), such as photovoltaic, wind, fuel cells, are interfaced by power electronic converters to the building electrical network. Among these power electronic converters, single-phase grid-connected voltage source converter (VSC), as a power converter and AC grid synchronizer, has been widely used.
Due to the pulsating power transfer from the AC side to DC side, the single-phase VSC generally has second-order harmonic currents and corresponding ripple voltages on the DC side. These input ripples may introduce problems into RES system, such as decreasing maximum power point tracking efficiency, increasing power losses and reducing device lifetime. To deal with this issue, the most widely used method is to parallel connect a large electrolytic capacitor across the DC bus to passively reduce the power ripples. However, the electrolytic capacitor has obvious drawbacks on bulky size and short lifetime. As the requirement on the converter for higher power density and higher efficiency is increasing, active power decoupling (APD) technique was proposed [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , which uses power electronics circuits with inductors or film capacitors to replace the bulky electrolytic capacitor. The principle of APD is to use an auxiliary power electronics circuit to absorb the power ripples from the DC bus into energy storage components, like inductors or capacitors. Considering the characteristics of inductor and capacitor, the film capacitor-based APD is more attractive, since the inductor-based APD has larger volume and higher power losses.
Although it has been well studied for the film capacitorbased APD, the previous research focuses on reducing the capacitance to increase the power density under normal operation. In case of grid fault conditions, such as voltage flicker or voltage sags, transient active power ripple would make the DC voltage to soar up, especially in the small DCbus capacitance, which will threaten converter's operation. This is a critical issue in the RES system, as the operation performance under grid fault conditions has been drawn much attention in the new grid codes, known as low-voltage ridethrough (LVRT) capability [16] [17] [18] [19] . According to the new grid codes, during a grid fault with AC voltage sag, the gridconnected converter is required to continue connecting with AC grid for a certain time and to further provide reactive power to support the grid recovery. To achieve this goal, the DC-bus voltage should keep stable during the grid fault. However, the small DC bus capacitance is vulnerable to the transient power ripple.
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order harmonic power ripples; and under grid fault conditions, the DC bus stabilizer is used to not only eliminate second-order harmonic power ripples, but also regulate the active power to keep the DC bus voltage stable. Simulation studies on a prototype single-phase grid-connected system are presented to demonstrate the validity of the proposed scheme.
II. SYSTEM DESCRIPTION AND OPERATION PRINCIPLE
For the single-phase grid-connected VSC shown in Fig. 1 , vg and ig are the voltage and current at AC side, Lin is the input inductor; vdc and idc are the voltage and current at DC side.
The AC grid voltage vg and current ig are assumed to be sinusoidal, and can be expressed as
where Vg and Ig are the AC voltage and current rms. values, respectively; is the AC voltage and current phase angle, and is angular frequency. The total AC side power can be calculated as,
It can be observed that, the power pg is composed of a dc component and a second-order component.
Considering the input inductor energy storage as ( )
2 sin 2 , the input power from AC side to DC side can be expressed as
Thus, the 2 nd harmonic power ripple is derived as ( ) 
where Pr is the amplitude of 2 nd order harmonic power ripple, Vdc is rated value of DC-bus voltage, and Cdc is the DC-bus capacitance.
According to the above analysis, it is observed that the DCbus voltage or capacitance should increase to reduce the DC voltage ripple under the condition of constant 2nd harmonic power ripple amplitude. The conventional method is to connect a large electrolytic capacitor across DC bus. Since the rated value of DC-bus voltage is constant, in order to retain the DC-bus voltage ripple, the electrolytic capacitance would be quite large.
A. Active Power Decoupling (APD) Techniques
The principle of APD is to absorb the power ripples from the DC bus into another specific energy storage components with smaller size using an auxiliary power electronics circuit. As shown in Fig. 2 , when the 2 nd order harmonic power ripple is absorbed into the active power decoupling circuit, only the average input power from AC side flows through the DC side, a much smaller capacitor Cdc is required to keep the same DC voltage ripple compared with the passive electrolytic capacitor method. There are three main topologies for the active power decoupling circuits, such as buck based circuit (shown in Fig.  3 (a) ), boost based circuit (shown in Fig.3 (b) , and buck-boost based circuit (shown in Fig. 3 (c) .
B. Low-voltage ride-through capability
Initially, the grid-connected RES systems were at small scale in buildings sector, such as rooftop solar panels and wind turbines with only some basic grid-connected requirements on power quality are defined under normal grid conditions. Under grid fault conditions, the RES systems are allowed to disconnect from the grid for self protection [16] . As the RESs have been increasingly penetrated into the utility electrical grid, the conventional grid code would deteriorate the stability of the utility grid. To enhance the operation reliability of the utility grid, new grid codes expect the gridconnected RESs systems to be more active, meaning that they should participate in voltage and frequency regulation and grid support. Following this concept, the LVRT capability was proposed, in which the RES should continue connecting with the utility grid for a certain period of time and can further provide grid support services like offering reactive power to support the grid recovery [18] , [19] .
Ignoring the power losses in the converter, the charging power of the DC-bus capacitor and the DC-bus voltage are given as
where pdc is the input power from DC side.
As presented in (6), a stable DC-bus voltage indicates a matched power flow between the input and output terminals. An unmatched power flow would cause unstable DC-bus voltage and even threaten converter operation. Under the same transient unmatched power, the smaller the DC-bus capacitance is, the larger the DC-bus voltage ripples are. At a high-density single-phase converter, the DC-bus capacitance is greatly reduced due to the APD technique, which makes the DC-bus voltage quite vulnerable to the transient unmatched power ripples. This is a critical issue for the converter during the grid fault.
When grid voltage sag happens, the grid voltage vg drops down, the deliverable power to the AC grid would proportionally reduce with the constant grid current ig. Since the input power cannot change immediately, a large power gap between input power and output power would be generated, which would make DC-bus voltage to soar up with the smaller DC-bus capacitance. Consequently, the unstable DC-bus voltage would threaten the converter operation. Thus, the single-phase converter with conventional APD technique is difficult to implement LVRT operation.
III. PRINCIPLES OF THE ADAPTIVE DC-BUS STABILIZER
As the previous analyzed, a reduced DC-bus capacitance with APD technique can effectively enhance the power density. However, it also can potentially make the DC-bus voltage vulnerable to transient power ripples, especially when grid fault happens. To solve this issue, an adaptive DC-bus stabilizer is proposed for stabilizing the DC-bus voltage with small DC-bus capacitance under both normal and grid fault conditions, as shown in Fig. 4 . During normal operation, S3 is switched off; the proposed DC-bus stabilizer can be considered as a boost-based DC decoupling circuit. Under grid fault conditions, S3 is switched on to insert the discharging resistor, and S1, S2 are controlled to regulate the DC voltage of Cf, so as to keep DC-bus voltage stable. It should be noted that the discharging resistor can be replaced by energy storage component to save the surplus energy. Considering the discharging circuit is merely used for shortterm grid fault ride through, the discharging resistor is more cost-effective, which is adopted in the following analysis. During normal operation, the control strategy for the adaptive DC-bus stabilizer is similar to that in the boostbased DC decoupling circuit. The power ripple can be absorbed by regulating the input current of DC-bus stabilizer ir tracking its reference. According to (4), the input current reference can be calculated as It can be observed that the input current of DC bus stabilizer should be a 2 nd order sinusoidal current to cancel the DC current ripple generated by 2 nd harmonic power ripple. To implement the effects, a resonant controller tuned at twice fundamental frequency is adopted, and it can be expressed as ( ) ( ) (8) where kr is the coefficient of the resonant controller, and c is the cut-off frequency of the resonant controller to increase its frequency bandwidth.
Under grid fault operation, the control strategy is more complicated to that in the conventional APD control. When S3 switches on, the discharging resistor is inserted into the circuit. If the capacitor voltage vcf cannot be carefully regulated, the vcf would drop down quickly, even be lower that DC-bus voltage, resulting in malfunctions of the DC-bus stabilizer.
Have a close look on the capacitor voltage vcf, it is consisted of two items, one is the average component cf v and the other is the harmonic ripple component cf ṽ that is caused by the 2 nd order harmonic power ripple flowing from the DC bus.
According to (5) , the ampltidue of cf ṽ can be calculated as
In oder to ensure the stable operation of the DC-bus stabilizer, the average component cf v should be reguated to match the following requirement
Substituting (9) into (10), the reference value of cf v can be calculated as
Additionally, the discharging power on the resistor is proportional to cf v , which should be equal to the transient unmatched power between the DC input power pin and the AC output power shown in (6) , and the expression can be written as
where R is the resistance of the discharging resistor.
Based on the above analysis, a closed-loop control strategy for the proposed DC-bus stabilizer is illustrated in Fig. 5 . The control object is the input current of the DC-bus stabilizer, and it is consisted of two items, one is the avarage component * lf i that is used to regulate the average capacitor voltage cf v , and the other is the 2 nd order component that is used to cancel the DC current ripple generated by 2 nd order harmonic power ripple. One proportional controller and one integral controller plus one resonant controller tuned at twice fundamental frequency is adopted, and it can be expressed as ( ) ( ) (13) where kp and ki are the coefficients of the proportional controller and the integral controller, respectively.
IV. SIMULATION STUDIES
To verify the above analysis and the proposed adaptive DC-bus stabilizer, a single-phase grid-connected RES system is developed using Matlab/Simulink, as shown in Fig. 4 . The renewable energy resources are controlled as constant power sources. The main parameters of the system are listed in Table I . Fig. 6 shows the simulation results of the RES system with the proposed adaptive DC-bus stabilizer during the grid fault with 50% voltage sag. Before 1.2s, the converter works at normal operation. It can be observed from the zoom-in figure of Fig. 7 , the DC-bus voltage ripple is only ±1.11%. When the grid fault happens at 1.2s, the converter transfers from active power supply to reactive power supply, following the new grid codes requirements to support the grid recovery. Although the DC-bus voltage increases quickly at the fault point due to the transient surplus active power, the DC-bus voltage gradually drops back to normal value with the regulation of the DC-bus stabilizer. It also can be observed that the capacitor voltage in the stabilizer is correspondingly increased to boost the discharging power capacity of the discharging resistor, as the analyzed in the proposed control strategy. To highlight the performance of the proposed DC stabilizer, some comparison results are also presented. As shown in Fig. 8 , the converter operates with the conventional APD method. After the fault happened, the DC voltage quickly jumps to the limit of 600V, the converter shuts down and the whole system is out of control. Fig. 9 shows the behaviors of the converter with conventional LVRT strategy. The DC-bus capacitance of 1.32mF is adopted to keep the same DC-bus voltage ripple of ±1.11% as the proposed strategy, which is six times larger than that in the proposed strategy. Besides, the voltage across the discharging resistor is equal to DC-bus voltage, which is lower than capacitor voltage in the proposed stabilizer. Thus, the discharging power capacity in the stabilizer is larger than that in the conventional strategy, based on the same discharging resistance. 
V. CONCLUSIONS
This paper proposes an adaptive DC-bus stabilizer for the single-phase grid-connected RES systems. The basic operation priciple of the single-phase VSC is briefly introduced and its inherent second-order harmonic power ripples is analyzed. To enhance converter's power density, the conventional active power decoupling (APD) techniques were widely adopted to reduce the DC capacitance by compensating the second-order harmonic power ripples, but it would potentially make the DC voltage vulnerable to transient power ripples, which is a critical issue for the gridconnected RES system during grid faults. In order to sovle this issue, an adaptive DC-bus stabilizer and its corresponding control strategy are presented. The proposed DC-bus stabilizer can not only compensate the second-order harmonic power ripples at normal operation, but also enhance the fault ride-through capability of the converter. The simulation results are provided to demonstrate the feasibility and validity of the proposed DC-bus stabilizer under normal operation and grid fault condition.
